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Abstract

Tropolones, such as p-thujaplicin, are small lead-like natural products that possess a variety of
biological activities. While the p-substituted natural products and their synthetic analogs are
potent inhibitors of human cancer cell growth, less is known about their a-substituted
counterparts. Recently, we synthesized a series of a-substituted tropolones including 2-hydroxy-7-
(naphthalen-2-yl)cyclohepta-2,4,6-trien-1-one (a-naphthyl tropolone). Here, we evaluate the
antiproliferative mechanisms of a-naphthyl tropolone and the related a.-benzodioxinyl analog. The
a-substituted tropolones inhibit growth of lymphocytic leukemia cells, but not healthy blood cells,
with nanomolar potency. Treatment of leukemia cell lines with the tropolone dose-dependently
induces apoptosis as judged by staining with annexin V and propidium iodide and Western blot
analysis of cleaved caspase 3 and 7. Moreover, pre-treatment of cells with the caspase inhibitor Z-
VAD-FMK inhibited the apoptotic effects of the tropolone in two lymphocytic lines. Caspase
inhibition also blocked elevated histone acetylation caused by the tropolone, indicating that its
effects on histone acetylation are potentiated by caspases. In contrast, a-naphthyl tropolone
upregulated p53 expression and phosphorylation of Akt and mTOR in a manner that was not
rescued by caspase inhibition. The effects of tropolone were blocked by co-incubation with high
levels of free extracellular iron but not by pre-loading with iron. Additionally, dose and time
dependent reduction in ex vivo viability of cells from leukemia patients was observed. Taken
together, we demonstrate that a-substituted tropolones upregulate DNA damage repair pathways
leading to caspase-dependent apoptosis in malignant lymphocytes.
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Introduction

Tropolones are seven-membered non-benzenoid aromatic compounds with a propensity for
metal binding [1-8]. A representative tropolone, B-thujaplicin (Figure 1) is produced from
monoterpenes [9] by trees such as the Western red cedar where it functions to resist fungal
decay [10], and similar B-substituted tropolones may also exhibit insecticidal properties
[11]. These potent anti-proliferative activities underlie the strong resistance of the wood to
damage and raise the question of whether tropolones or their derivatives may find
therapeutic benefit to human health in diseases that involve cell proliferation, such as cancer.
Indeed, agents such as 3,7-dihydroxytropolone exhibit potent inhibition of melanoma cell
growth and extend lifespan in mouse models of melanoma [12, 13].

From a medicinal chemistry standpoint, simple low molecular weight tropolones such as -
thujaplicin exhibit low hydrophobicity, contain ample sites for diversification, and are
readily synthetized. Additionally, the hydroxyketone functionality embedded in the aromatic
system is a distinct pharmacophore that allows these compounds to coordinate metal ions
[14, 15]. As such, tropolones have therapeutic potential both as direct metal chelators
[14-17] and metalloenzyme inhibitors [18-21]. These features have led us to characterize
these molecules as lead-like natural products, an important distinction relative to many more
complex naturally-derived non-benzenoid aromatics such as colchicine. Derivatization of the
tropolone ring with lipophilic substituents may provide an opportunity to enhance
intracellular delivery [22] of the compound while retaining the beneficial pharmacophore.

In order to further explore the utility of tropolone derivatives as anticancer agents, we
recently synthesized a library of novel tropolone derivatives and tested them for inhibition of
malignant cell growth [23]. Some B-substituted tropolones, such as the B-phenyl analog,
exhibited nanomolar growth inhibition. At a molecular level, we have observed tropolones
may reduce the /n vitro activity of purified metalloenzymes that regulate epigenetic
modifications including histone deacetylases [23] and sirtuins [24]. However, the biological
activity of tropolones is not well-understood and the importance of their /n vitro
metalloenzyme inhibition to the cellular mechanism of action is unclear. Likewise, while the
[B-substituted natural products and their synthetic analogs are inhibitors of human cancer cell
growth, less is known about their a-substituted analogs.

Our underlying hypothesis is that a-substituted tropolones will function as potent and
specific anti-leukemia agents. Here, we evaluate the ability of a-substituted tropolones
including 2-hydroxy-7-(naphthalen-2-yl)cyclohepta-2,4,6-trien-1-one (a-naphthyl
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tropolone) and its novel counterpart 2-(2,3-dihydro-1,4-benzodioxin-6-yl)-7-
hydroxycyclohepta-2,4,6-trien-1-one (a-benzodioxinyl tropolone) to inhibit leukemia cell
proliferation and induce apoptosis.

Materials and Methods

Test compounds

The a-naphthyl tropolone was synthesized as previously described [23].

The a-benzodioxinyl tropolone was synthesized as follows. Tropolone (3.24 mmol) was
dissolved in 16 mL acetonitrile and allowed to react with Mel (16.2 mmol) in the presence
of K,CO3 (9.72 mmol) and 18-crown-6 (0.324 mmol) for 18 hours at 85 °C to form the
tropolone methyl ether. The mixture was cooled and filtered through a fritted funnel. The
filtrate was evaporated to dryness, re-dissolved in dichloromethane and washed with base
and brine. The organic layer was then evaporated to dryness and analyzed by NMR for
purity. The methyl ether (1.87 mmol) was dissolved in 9.3 mL carbon tetrachloride and
allowed to react with NBS (1.05 eq) for 2 hours at 80 °C, forming the a-bromo tropolone
methyl ether. The mixture was cooled and filtered through a fritted funnel. The solid was
washed several times with dichloromethane and the filtrate was evaporated to dryness. The
sample was then re-dissolved in dichloromethane and washed (3x). The combined organic
layers were washed with brine, dried over Nay;SQOy, filtered and concentrated in vacuo. Flash
chromatography of the crude residue (SiO,, EtOAc in hexanes) provided the desired
compound. Suzuki coupling was performed between the a-bromo tropolone methyl ether
(0.5 mmol) and 1,4-benzodioxane-6-boronic acid (0.75 mmol) (1.5 eq) to give the alpha-
benzodioxinyl tropolone methyl ether. The coupling was performed in 1.7 mL dioxane and
0.16 mL water containing cesium carbonate (3.0 eq) and
bis(triphenylphosphine)palladium(ll) dichloride (0.1 eq) that had been degassed with argon
and was allowed to proceed at 90 °C for 18 hours. Water was added and the mixture was
extracted with EtOAc (3x). The combined organic layers were washed with brine, dried over
Na,SOy, filtered and concentrated in vacuo. Flash chromatography of the crude residue
(SiO5, EtOAC in hexanes) provided the desired compound. The methyl ether (0.36 mmol)
was hydrolyzed in the presence of lithium chloride (3 eq) at 120°C for 2-3 hours. The alpha-
benzodioxinyl tropolone acid was purified by C-18 column chromatography. The crude
product was added to the column in 4:1 water: methanol and eluted with 50% methanol in
water. Overall yield: 64%. R¢ = 0.42 (1:1 EtOAc: hexanes). Mp = 102.8-103.6. IR (KBr): v:
3170, 2976, 2932, 2874, 1590, 1578, 1551, 1504, 1470, 1423, 1409, 1356, 1299, 1288,
1250, 1231, 1194, 1158, 1127, 1063, 1045, 1004, 924.IHNMR (500 MHz, CD,Cl,): 6 7.60
(d, /=10.2 Hz, 1H), 7.40 (dt, /= 19.9, 10.3 Hz, 2H), 7.13-7.02 (m, 3H), 6.97 (d, /= 8.4
Hz, 1H), 4.33 (s, 4H). 13CNMR (125 MHz, CD,Cl,): 6.170.92, 170.60, 143.79, 143.22,
140.44, 136.58, 133.02, 127.29, 122.66, 122.20, 118.44, 117.13, 64.54, 64.38, 30.99. HRMS
(ESI) calculated for C15H1204 [M+H]*: 257.0814; found:. 257.0780.

Both tropolones were dissolved in dimethyl sulfoxide at 10 mM and stored at -20 °C. They
were diluted in culture medium and used at concentrations as indicated. Vorinostat was
purchased from (Thermo Fisher Scientific, Waltham, MA). Z-VAD-FMK was purchased
from ApexBio (Houston, TX).
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Cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA) and cultured as described [25]. Cells were grown at 37 °C with 5% CO, in
RPMI-1640 medium (Thermo Fisher Scientific) with 1x Penicillin-Streptomycin (Thermo
Fisher Scientific). 10% fetal clone 111 (Hyclone, South Logan, UT, USA) was added to the
medium of the K562, Molt-4, Ba/F3 and HL-60 cell lines whereas 10% fetal bovine serum
(Hyclone) was added to the medium of the Daudi and Hut-78 cell lines.

Human Peripheral Blood Mononuclear Cells (hPBMCs) were purified from human blood
(purchased from Research Blood Components, Brighton, MA) by density centrifugation as
described [26]. In brief, hPBMCs were frozen in freezing media (80% media, 10% DMSO,
10% FBS) in liquid nitrogen until needed. Cells were thawed and resuspended prior to use at
1 million/mL in 10% heat-inactivated fetal bovine serum in RPMI-1640 medium
(supplemented with 1x HEPES buffer, pyruvate, non-essential amino acids, and 2-
mercaptoethanol) and immediately used for the cell viability assay.

Cell viability assays

Cell viability assays were performed using the Quanti-Blue (QB) Cell Viability Assay Kit
(BioAssay Systems, Hayward, CA). Briefly, 100 pL of cells were seeded in 96 well plates at
various concentrations (10° cells/mL for K562, Molt-4, HL-60 and Hut-78 cells; 5x104
cells/mL for Daudi cells; 2.5x10* cells/mL for Ba/F3 cells and 106 cells/mL for hPBMCs).
Cells were treated with various concentration of the compounds and incubated at 37 °C with
5% COy, for 24-72 hours. 10 pL of the QB reagent was added into each well for the final 2
hours incubation. The plates were read by a Perkin-Elmer VICTOR X multilabel plate
reader at Aex 530 nm/Aem 590 nm. I1Csq values were obtained by regression analysis. All
experiments were repeated at least three independent times (n=3).

For the iron experiments, ferric chloride was freshly dissolved in water and diluted to the
final concentration in media as indicated. In pre-loading experiments, cells were cultured for
24 hours in the presence of 500 uM ferric chloride, washed, and exposed to test compounds.
In co-treatment experiments, both iron and compounds were added at the same time.

For the clinical isolates, de-identified peripheral blood bio-specimens of patients with newly
diagnosed acute leukemias were obtained from the Roswell Park Cancer Hematologic
Procurement Shared Resource. Cells were treated with test compounds at indicated
concentrations and their viability was assessed by both CellToxGreen assay (Promega) and
MTT assay (Sigma) according to manufacturer protocols.

Apoptosis analysis

Molt-4 cells were resuspended at 10° cells/mL in fresh media and added to 12 well plates (2
mL/well). Cells were treated with compounds at the indicated concentrations for 24 hours.
To detect the apoptotic cells and discriminate live cells from dead cells respectively, Molt-4
cells were stained with Annexin V/FITC and propidium iodide (PI) using annexin V-FITC
Apoptosis Detection Kit | (BD Biosciences Pharmingen, SAN Diego, CA). Briefly, cells
were resuspended in 100 pL of 1x binding buffer, to which 2 pL of annexin V-FITC and 2
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pL of propidium iodide were added and mixed well. After incubation at room temperature
for 30 minutes in the dark, 400 pL of 1x binding buffer was added. Cells were analyzed by
flow cytometry within 30 minutes.

Western Blot analysis

Molt-4 cells were resuspended and added to 6 well plates at 6x106 cells/4 mL in fresh
media. Cells were treated with the indicated concentrations of compounds for 24 hours.
Cells were then lysed in RIPA buffer (25 mM Tris—=HCI pH 7.6, 150 mM NaCl, 1% NP-40,
1% sodium deoxycholate, 0.1% SDS) or histone lysis buffer (50 mM Tris—HCI pH 7.5, 150
mM NacCl, 2% SDS) with protease and phosphatase inhibitors. Total protein was quantified
using BCA assay (Thermo Fisher).

Equivalent masses of proteins were loaded and separated by SDS—-PAGE using 7.5% or 15%
gels and proteins were transferred to nitrocellulose, and blotted with antibodies to acetyl-
histone H3 (K9) (clone C5B11), acetyl-histone H3 (K23) (polyclonal, #8848), and acetyl-
histone H4 (K8) (polyclonal, #2594) purchased from Cell Signaling Technologies (Danvers,
MA). Antibodies to AKT (clone C67E7), phospho-AKT (S473) (D9E), mTOR (clone
7C10), and phospho-mTOR (S2448) (clone D9C2) were also purchased from Cell Signaling.
JLA20 actin antibody (University of lowa Developmental Studies Hybridoma Bank), RIAM
(Santa Cruz Biotechnology) and vinculin (Cell Signaling) were used as loading controls for
different blots. The p53 antibody (DO-1) was purchased from Santa Cruz.

Microarray analysis

Molt-4 cells were resuspended and added to 6 well plates at 6x106 cells/4 mL in fresh
media. Cells were treated with 1 uM of compounds for 24 hours. The RNA was extracted
using the PureLink RNA Mini Kit (Thermo Fisher Scientific). Samples were sent to the
Boston Children’s Hospital Molecular Genetics Core Facility where they were analyzed
using an lllumina HumanHT-12 Expression Beadchip. The cubic spline data from the
microarray was analyzed using the Stanford Tools plug-in for Excel. This plug-in analyzes
the data and determines fold changes in gene expression as well as estimating the false
discovery rate by giving a g-value. A fold threshold was imposed at 1.5-fold. In general, a-
naphthyl tropolone gave lower g-values than a- benzodioxinyl tropolone, but many of the
“hits” were similar between the two treatments. With 47,323 genes/gene variants analyzed,
2740 were up-regulated 1.5-fold and greater in both treatments and 1751 were down-
regulated.

Statistical analysis

All the data are mean values of at least 3 independent experiments and expressed as means
(z SD). For multiple-group comparison, one-way ANOVA was used followed by a Tukey’s
post-hoc analysis, using statistical software Minitab 16. A p value less than 0.05 was
considered to be statistically significant.
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Results

Molt-4 cell proliferation is reduced by treatment with a-naphthyl tropolone in a dose and
time dependent manner

A prior study suggested leukemia and lymphoma cells were particularly sensitive to growth
inhibition caused by tropolones [23]. To validate these results, we treated Molt-4 cells (an
acute T cell leukemia line) with various concentrations of a-naphthyl tropolone (Figure 1)
and monitored proliferation. The pan-histone deacetylase inhibitor vorinostat was used as a
positive control in these assays because the tropolones were suspected to inhibit
metalloenzymes and because vorinostat is used clinically for treatment of T cell
malignancies [27, 28]. As shown in Figure 2A, a-naphthyl tropolone inhibits Molt- 4
proliferation at 72 hours in a dose-dependent manner (ICsq = 0.35 pM, Table 1). The
potency of a-naphthyl tropolone was similar to that of the clinical agent vorinostat I1Csq =
0.33 uM). The activity of a-naphthyl tropolone was dependent upon the incubation time, as
the anti-proliferative effect was reduced with shorter incubation times (Figure 2B).

Proliferation of malignant hematological cell lines is reduced by treatment with a-naphthyl
tropolone, while healthy blood cells are resistant

Given the potent growth inhibition observed in the Molt-4 cells, we tested a-naphthyl
tropolone in a small panel of other established blood cell lines. While the potency towards
Molt-4 cells was the strongest, the compound also shows a dose-dependent inhibition of the
leukemia cell lines in the panel including Daudi, K562, HuT-78, Ba/F3 and HL-60 cells
(Figure 2C, see Table 1 for 1Cgq values). This suggests that the therapeutic potential of
tropolones may extend to myeloid cells (HL-60 and K562) and B-cell malignancies (Daudi),
in addition to the two T cell lines tested (Molt-4 and Hut-78). Importantly, a-naphthyl
tropolone only weakly inhibited the viability of healthy human peripheral blood
mononuclear cells (hPBMC) (Figure 2D). Here, hPBMC were treated with different
concentrations of a-naphthyl tropolone, a-benzodioxinyl tropolone and vorinostat for 72
hours. All three compounds exhibited dose-dependent toxicity towards the hPBMC, but a-
naphthyl tropolone was significantly less toxic towards the primary cells than was
vorinostat. Vorinostat also strongly inhibited growth of all cell lines tested (Figure 2E). As
shown in Table 2, a-naphthyl tropolone has a better selectivity for malignant cells versus
primary cells. To confirm that the mild hPBMC activity was not compound-specific, we
evaluated a second a.-substituted tropolone, a-benzodioxinyl tropolone, in this assay. Both
tropolones showed only mild cytotoxicity in the primary cells. Taken together, these data
show that a-substituted tropolones potently inhibit growth of some lymphocytic leukemia
cell lines with less cytotoxicity to healthy blood cells.

Co-incubation with iron reduces the tropolone activity

Because some tropolones are known to form strong interactions with iron [14-17], we next
wanted to assess whether or not the growth inhibition caused by treatment with the novel a.-
substituted tropolones could be antagonized by exogenous iron. We measured proliferation
of Molt-4 cells in response to various concentrations of a-naphthyl tropolone, a-
benzodioxinyl tropolone, or vorinostat in the presence or absence of pre-treatment with Fe3*
(Figure 3). The natural product p-thujaplicin was used as an additional positive control in
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these assays. Iron preloading had no effect on the toxicity of any of the four compounds
(Figure 3A-D). Next, we assessed co-treatment of Molt-4 cells with iron and the four
compounds. As expected, in the absence of iron a dose-dependent decrease in proliferation
was observed (Figure 3E-H). Iron mitigated the antiproliferative effects of both of a-
naphthyl tropolone (Figure 3G) and a- benzodioxinyl tropolone (Figure 3H) as determined
by the ICgq values in the absence or presence of iron. Iron had no effect on the activity of
vorinostat. Interestingly, only the lowest concentration of iron mitigated the effect of the
natural product p-thujaplicin (HKT). Surprised by this result, we performed a dose response
experiment (Figure 31-J). Here, we noted partial rescue of the natural product only when iron
was used at 2.1 or 6.2 UM. In contrast, an obvious dose-dependent relationship was observed
for the ability of iron to block the effect of the a-naphthyl tropolone. Taken together, co-
treatment but not pre-loading with iron blocks the growth inhibitory effect of a-naphthyl
tropolone and to a lesser extent, p-thujaplicin.

Treatment of leukemia cells with a-substituted tropolones induces apoptosis

To further assess the mechanisms of growth inhibition, we asked whether or not a.-
substituted tropolones induced apoptosis of Molt-4 cells. Here, cells were treated with
indicated concentrations of a-naphthyl tropolone or vorinostat for 24 hours. Cells were then
stained with Annexin V/FITC and propidium iodide (PI) and analyzed by flow cytometry
(Figure 4). Both compounds displayed a dose-dependent increase in the percentage of early
apoptotic cells (Annexin V positive-PI negative) and late apoptotic cells (Annexin V
positive-Pl positive) (Figure 4A, 4B). At concentrations of 2 uM and 10 uM, vorinostat
significantly induces Molt-4 cells apoptosis compared to the untreated cells, while a-
naphthyl tropolone significantly induces Molt-4 cells apoptosis at 10 uM. The effects were
statistically significant with respect to both early (Figure 4C) and late (Figure 4D) apoptosis.

In order to confirm these results in a second assay, we treated cells with the compounds and
analyzed cleavage of caspase-3 by Western blot analysis. The Western blot results show that
levels of cleaved caspase 3 and cleaved caspase 7 were significantly increased by treatment
with a-naphthyl tropolone at 10 uM and vorinostat at 2, 10 uM (Figure 4E, 4F). Similar to
its anti-proliferative effect, the activity of a-naphthyl tropolone was stronger than that of a.-
benzodioxinyl tropolone. Surprisingly, a-naphthyl tropolone was weaker in this assay than
vorinostat, which may be attributed to its activity being less cytotoxic and more growth
inhibitory relative to vorinostat.

Caspase activation is required for antiproliferative and pro-apoptotic effects of a-
substituted tropolones

We next sought to determine whether or not the caspase activation was required for the
antiproliferative and pro-apoptotic effects of a-substituted tropolones. To that end, we pre-
treated Molt-4 cells with 100 uM of the caspase inhibitor Z-VAD-FMK for 1 hour and then
exposed the cells to the indicated concentrations of a-naphthyl tropolone (Figure 5A/B) or
a-benzodioxinyl tropolone (Figure 5C/D) for 24 or 48 hours and monitored cell
proliferation. Importantly, pre-treatment with Z-VAD-FMK strongly reduced the anti-
proliferative effects of both compounds. Z-VAD-FMK also reduced the effect of the
tropolone in a second T lymphocyte line (HuT78) (Figure 5E-H) but not in the myeloid
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HL-60 line (Figure 51-L). Pre-treatment with the caspase inhibitor similarly reduced total
apoptosis that was induced by a-naphthyl tropolone and late apoptosis induced by a-
benzodioxinyl tropolone (not shown). Thus, the loss in malignant cell proliferation is almost
entirely due to the ability of the compounds to induce activation of pro-apoptotic caspases in
lymphocytic cell lines.

Tropolones increase levels of histone acetylation, which is dependent upon caspase
activation

As it had been previously reported [23], tropolones can inhibit some metalloenzymes
including histone deacetylases. To determine whether or not a-substituted tropolones could
affect histone acetylation in Molt-4 cells, we treated cells with a-naphthyl tropolone or a-
benzodioxinyl tropolone and measured levels of acetylated histone H3 lysine 23, H3 lysine
9, and H4 lysine 12 by Western blot analysis (Figure 6). In congruency with the prior study,
both tropolones did indeed cause increased H3 acetylation at lysine 23 (Figure 6A, 6B). We
next wanted to determine whether or not these elevated histone acetylation could be blocked
by pre-treatment with Z-VAD-FMK. We expected that if histone acetylation was a direct
result of the tropolone mechanism, then the effect on histone acetylation would not be
prevented by pre-treatment with the caspase inhibition. However, unexpectedly the caspase
inhibitor clearly prevented the ability of a-naphthyl tropolone to induce histone acetylation
(Figure 6C, 6D). Therefore, while tropolones inhibit purified histone deacetylases /n vitro
and they increase histone acetylation in cells, the increased cellular histone acetylation
appears secondary to the ability of the tropolones to induce apoptosis.

Microarray analysis of a-substituted tropolones in Molt-4 cells reveals a DNA damage
response mechanism

To understand the cellular effects of tropolones we performed gene expression microarrays
on Molt-4 cells in the presence or absence of the a.-substituted tropolones. Molt-4 cells were
treated for 24 hours in the presence or absence of 1 pM a-naphthyl tropolone or a-
benzodioxinyl tropolone. We found several genes to be differentially regulated and were able
to identify 562 that were upregulated and 48 that were down regulated in response to two
different tropolones (Figure 7). Gene set enrichment analysis [29, 30] also revealed several
affected pathways (Table 3). Tropolones decrease pathways related to protein expression and
increase pathways related to DNA/damage repair, cell cycle progression, immune cell
signaling, and cell adhesion/structure. Leading edge analysis of these pathways determined
proteins likely to be involved (Table 4). Both tropolones exhibited the ability to affect genes
related to DNA damage repair and cell cycle progression, which was also observed in
microarray analysis of pan-HDAC inhibitors [31, 32]. The tropolones also alter expression
of genes related to cell adhesion and the cytoskeleton also seen previously with pan-HDAC
inhibitors [33-35].

Treatment with a-substituted tropolones, but not vorinostat, activates AKT and mTor in a
caspase independent manner

Notably, we experimentally confirmed with Western blot analysis that some of these leading
edge proteins are indeed affected by treatment with a-naphthyl tropolone. Based on the
microarray findings, we hypothesized that the Akt and mTor signaling pathways may be
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altered. We treated Molt-4 cells with a-naphthyl tropolone and assessed levels of total and
phosphorylated Akt and mTor (Figure 8). Tropolone exposure led to a 3-4 fold increase in
the phosphorylation of both Akt and mTor relative to solvent treated controls (Figure 8B,
8C). At the same time, the total expression levels of both proteins were decreased (Figure
8D, 8E). The ratio of p-Akt to Akt and p-mTor to mTor also were increased (Figure 8F, 8G).
To assess whether this effect was upstream or downstream of caspase activation, we
performed Western blots on cells that had been pre-treated with Z-VAD-FMK prior to
tropolone exposure (Figure 8H). Here, we clearly observed that, in contrast to histone
acetylation, the phosphorylation of Akt and mTor that was induced by a-naphthyl tropolone
was not dependent upon caspase activation. Likewise, inhibitors of PI3K (LY294002) and
mTOR (rapamycin) did not rescue the antiproliferative effect of the tropolone (Figure S1).
Results were similar in the HuT78 line, but not in the HL-60 line (Figures S2-S4).

Tropolones affect p53

Because it has been suggested that levels of p53 increase following iron chelation due to
increased binding of HIF-1a [36], we tested whether or not tropolone would affect p53
expression (Figure 9). We treated Molt-4 cells with a-naphthyl tropolone and measured p53
expression by Western blot analysis (Figure 9A). We observed a dose-dependent and
statistically significant increase in p53 expression following treatment with a-naphthyl
tropolone. Additionally, treatment with tropolone, but not vorinostat, led to an accumulation
of nuclear p53 (Figure 9B, 9C). In the presence of the caspase inhibitor (Figure 9D, 9E),
tropolone treatment also significantly increased p53 expression from the baseline, though
both conditions were slightly lower in the presence of the caspase inhibitor versus the
absence of the caspase inhibitor.

Tropolones reduce viability of leukemia blasts from acute leukemia patients

In order to assess the clinical relevance of the a-substituted tropolones, we tested peripheral
blood samples that were obtained from newly diagnosed acute leukemia patients for their
sensitivity to tropolone treatment (Figure 10). We observed a time dependent loss in viability
of cells from a patient with B cell acute lymphocytic leukemia (B-ALL) (Figure 10A)
following ex vivo tropolone exposure. Additionally, exposure of acute myeloid leukemia
cells to tropolones led to loss of viability at 24 hours (Figure 10B). The loss of viability
observed in the cells from the AML patient was dose dependent (Figure 10C). Although the
benzodioxinyl compound appears to be more potent against the primary AML cells at 24
hours, by 48 hours there does not appear to be a significant difference between
benzodioxinyl and naphthyl treatments.

Discussion

Here, we have demonstrated that a.-substituted tropolones potently inhibit the growth of
leukemia cells with mid to low nanomolar 1Csq values. The tropolones we examined are
13.8-fold more active against the malignant Molt-4 cell line than against healthy primary
blood cells, which may be beneficial for their potential therapeutic applications and is in
contrast to the clinical agent vorinostat, which is more weakly selective. The a.-substituted
tropolones function by inducing caspase dependent apoptosis and importantly their anti-
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proliferative effects can be fully prevented by caspase inhibition in lymphocytic cell lines.
The a-substituted tropolones display effects on gene expression, protein expression, protein
activation, and localization of a number of important mediators of cell survival and
proliferation which are common anti-cancer targets, including histones, Akt, mTor, and p53.
However, the effects of tropolones on histone acetylation are downstream of caspase activity,
indicating this is a secondary effect.

It should be noted that these current a-substituted tropolones including the a-naphthyl
tropolone exhibit excellent potency and selectivity relative to other agents. The current data
demonstrates both a-substituted tropolones exhibit stronger potency towards Molt-4 cells
than we observed in any cell line/B-substituted tropolone combination [23]. Additionally, the
potency of these compounds is stronger than that observed by ourselves (Figure 3) and other
groups for B-thujaplicin, which is active in the low to mid uM range [37], while maintaining
good selectivity. The current compounds exhibit impressive potency even relative to
vorinostat, a clinically used chemotherapy agent, while at the same time show less toxicity.

Previously, Ononye et al. had reported that tropolones inhibit both cellular proliferation as
well as /n vitro activity of histone deacetylases [23], yet the causal relationship between the
two effects was not clear. Our data reveals a complex interplay between the two effects. On
the one hand, tropolone treatment does lead to increased levels of acetylated histones in
cells. On the other hand, the ability of tropolones to increase histone acetylation is
dependent upon activation of caspases. This suggests that histone deacetylases are not the
direct target of these particular tropolones. The discrepancy could be due to an inability of
the tropolone to interact with histone deacetylases in a cellular context, lack of identifying a
specific acetylated histone amino acid residue, or alternatively due to the metal chelating
properties of the tropolone affecting the /n vitro enzyme assay in a non-specific manner.
Either way, in our hands all of the histone acetylation sites we examined were either not
affected by tropolone or were affected downstream of caspase activation.

Our studies also demonstrate the activity of tropolones can be mitigated by co-treatment
with extracellular iron. Notably, the novel a-substituted tropolones differ from B-thujaplicin
in their response to extracellular iron. B-thujaplicin has been reported to form a 3:1
(tropolone:iron) complex at low iron concentrations and a 1:1 complex at higher
concentrations [17]. Our data is consistent with that finding because iron only blocks -
thujaplicin activity at concentrations near the 3:1 ratio. At higher iron concentrations,
activity of B-thujaplicin is regained. In contrast, iron becomes inhibitory to the novel a.-
substituted tropolones once it surpasses a 3:1 ratio. Therefore, while the a-substituted
tropolones have significantly stronger activity in the absence of iron, their activity is
diminished more when iron concentrations are high. These differences may be important
with respect to potential /n vivo antagonism. Plasma iron binding is a concern for potential
in vivo applications, as some tropolones appear to bind iron more tightly than transferrin
[38]. While the bulk of plasma iron exists in complex with transferrin and does not reach our
experimental levels [39], it is possible that total plasma iron would be sufficient to block
tropolone distribution /n vivo. However, in light of recent findings that p-thujaplicin can
block growth of lung adenocarcinoma [40] and oral squamous cell carcinoma [41] in mouse
xenograft models, the potential for tropolone binding to plasma iron does not appear to limit
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in vivo activity, though it remains unclear whether the similar /n vivo differences would be
observed in the a- versus B-substituted compounds. Furthermore, even at high
concentrations, potent siderophores appear to require nearly an hour to remove iron from
transferrin [42].

Determination of the role of iron binding in the mechanism of tropolone cellular activity
proves more difficult. At least two clear models exist: (1) tropolones directly bind to iron
resulting in alteration of iron homeostasis and potential generation of reactive oxygen
through a Fenton reaction, or (2) tropolones inhibit an unknown iron-dependent
metalloenzyme. In support of the former model, both un-substituted tropolone and -
thujaplicin protected Jurkat cells from apoptosis that was dependent upon their iron
chelating potential [43]. It is possible that the a-substituted tropolones that we examined
allow the tropolone to retain its iron chelating properties after delivery of the compound to
an intracellular compartment. This supports prior studies which demonstrated that toxicity
induced by B-thujaplicin was also dependent upon iron chelation leading to increased
production of reactive oxygen [37, 44]. Interestingly, in some cases the iron chelating agent
exhibits enhanced cytotoxicity in the presence of iron, while others the cytotoxicity is
diminished [37]- our novel a-substituted tropolones appear to fit the latter category.
Presumably disruption of intracellular free iron levels, which would have immediate benefits
in preventing apoptosis following short-term treatments with reactive oxygen species, has
longer term effects which may be detrimental to cellular proliferation [45]. One such effect
may be DNA-damage, as it has been suggested other known iron chelators may similarly
induce a DNA-damage response [46, 47]. In support of the latter model, metalloenzyme
inhibitors are generally thought to be specific to their targets and only mildly affected by
metal chelation [48]. Tropolones have been reported to inhibit a variety of metalloenzymes
in vitro[18-20, 23]. In additional to our observed zinc-dependent HDAC inhibition
described above, tropolones can inhibit the zinc-dependent elastase [18] and the copper-
dependent tryosinase [19], and iron-dependent prolyl-4-hydroxylases [49]. Although we
have now ruled out HDAC inhibition as a cause of tropolone-induced cellular growth
inhibition, we cannot rule out involvement of another metalloenzyme at this time.

In conclusion, metal-binding a-substituted tropolones demonstrate more potent and selective
antiproliferative effects relative to the clinical agent vorinostat, and do so through a
mechanism that involves the p53 DNA damage repair pathway leading to induction of
apoptosis. Ultimately, these compounds may offer a unique alternative to existing agents to
targeting metal metabolism or metalloenzyme activity for treatment of cancers [50].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chemical structures of compounds used in this study
Tropolones are seven membered aromatic rings which may be functionalized. Prior known

tropolones include the natural product p-thujaplicin (aka Hinokitiol) and the synthetic -
phenyl tropolone. We have developed methodologies for synthesis of a.-substituted
tropolones such as the naphthyl and benzodioxinyl tropolones included in this study.
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Figure 2. Molt-4 cell proliferation is reduced by a.-naphthyl tropolone in a dose and time
dependent manner

(A) 72 hour proliferation assay of a-naphthyl tropolone and vorinostat in Molt-4 cells (n=6),
(B) Proliferation assay of a-naphthyl tropolone in Molt-4 cells at 12, 24, 48 and 72 hours
(n=3), (C) 72 hour proliferation assay of a-naphthyl tropolone in different cell lines (n=3),
(D) 72 hour proliferation assay of vorinostat and tropolone derivatives in human peripheral
blood mononuclear cells (hPBMC) (n=3). (F) 72 hour proliferation assay of vorinostat in
different cell lines (n=3).
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Figure 3. Iron loading inhibits the tropolone-induced anti-proliferative effect
(A-D) Molt-4 cells were preloaded with or without 500 uM Fe3* for 24 hours and then

treated by beta-thujaplicin (HKT), vorinostat (VOR), a-naphthyl tropolone (NAP) and a-
benzodioxinyl tropolone (BEN) with for 72 hours. (E-H) Molt-4 cells were treated by
different concentrations of HKT, VOR, NAP and BEN with the absence (UN) or presence of
indicated concentrations of Fe3* for 72 hours. (I-J) Molt-4 cells were treated by 10 uM HKT
or NAP with the presence of different concentrations of Fe3* for 72 hours. Cell viability was
assessed by Cell Quanti-Blue assay. Statistics were determined by ANOVA with Tukey’s
post-hoc analysis and with p < 0.05.
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Figure 4. Treatment with a-naphthyl tropolone induces apoptosis in Molt-4 cells
(A-D) Cell apoptosis assay of vorinostat and tropolone derivatives in Molt-4 cells. Cells

were treated with various concentrations of compounds for 24 hours, stained with Annexin
V/FITC and propidium iodide and tested by Flow Cytometry. (A) a-naphthyl tropolone, (B)
a-benzodioxinyl tropolone, (C) vorinostat, (D) Percentage of early apoptotic cells (Annexin
V positive-PI negative) and late apoptotic cells (double positive). (E-F) Western blot of

cleaved caspase 3 and cleaved caspase 7.
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Figure 5. Caspase inhibitors block the tropolone-induced anti-proliferative effect
Cells were pre-incubated with 100 uM Z-VAD-FMK for 1 hour and treated with a-naphthyl

tropolone for (A) 24 hours or (B) 48 hours or a-benzodioxinyl tropolone for (C) 24 hours or
(D) 48 hours. The same experiments were also performed in HuT78 Cells (E-H) and HL60
cells (I-L). Cell viability was assessed by Cell Quanti-Blue assay. Statistics were determined
by ANOVA with Tukey’s post-hoc analysis and with p < 0.05. “indicates significant
difference compared to condition with concentration 0. #indicates significant difference

compared to each other.
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Figure 6. Treatment with a-naphthyl tropolone enhances acetylation of histone H3 in Molt-4

cells which is blocked by pre-treatment with caspase inhibitor

(A) Western blot of acetylated H3K23, H3K9 and H4K12 from Molt-4 cells treated with a.-

naphthyl tropolone (NAP, 10 pM) and a-benzodioxinyl tropol

one (BEN, 10 pM) for 24

hours. (B) Quantification of histone acetylation levels after treatment in Molt-4 cells. (C)
Cells were pre-incubated with 100 uM Z-VAD-FMK for 1 hour and treated with a-naphthyl
tropolone for 24 hours. (D) Quantification of histone acetylation levels after tropolone
treatment in the presence of Z-VAD-FMK in Molt-4 cells. *P < 0.05 by ANOVA with

Tukey’s post-hoc analysis, compared to DMSO(C) (n=3).
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Figure 7. Treatment of Molt-4 cells with a-naphthyl tropolone or a-benzodioxinyl tropolone
leads to changes in gene expression as determined by microarray analysis

Molt-4 cells were treated with a-naphthyl tropolone (NAP) and a.-benzodioxinyl tropolone
and gene expression was analyzed using an Illumina HumanHT-12 Expression Beadchip. A)
Numbers of genes that were upregulated or down-regulated by treatment with either
tropolone. The overlapping region represents genes that were differentially regulated by both
compounds. B) List of genes that were upregulated by more than 10 fold by both
compounds. C) List of genes that were downregulated by more than 5 fold by both
compounds.
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Figure 8. Treatment with a-naphthyl tropolone enhances phosphorylation of Akt and mTOR in
Molt-4 cells which is not dependent upon caspase activation

Molt-4 cells were treated with DMSO, a-naphthyl tropolone (NAP, 10 uM) and vorinostat
(VOR, 2.5 uM) for 24 hours. (A) Western blot of p-AKT, AKT, p-mTOR and mTOR. (B-E)
Quantified data. (F) p-AKT/AKT ratio and (G) p-mTOR/m-TOR ratio were quantified from
the Western results. (H) Western blot of p-AKT, p-mTOR, AKT and mTOR from Molt-4
cells. Cells were pre-incubated with FMK for 1 hour and then treated by DMSO or a-
naphthyl tropolone (NAP, 10 uM) for 24 hours. Statistics were determined by ANOVA with
Tukey’s post-hoc analysis and with p < 0.05. *indicates significant difference compared to
condition with control. #indicates significant difference compared to each other.
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Figure 9. Treatment with a-naphthyl tropolone dose dependently increases p53 expression and

nuclear localization

(A) Western blot of p53, p-AKT and AKT from the Molt-4 cells treated with DMSO and a-
naphthyl tropolone (NAP, 2.5 uM, 10 pM, 25 uM) or vorinostat (VOR, 1 uM, 2.5 uM, 10
uM) for 24 hours. (B) Western blot of p53 in whole cell lysate (WC), cytoplasm (CYTO)
and nucleus (NU) from Molt-4 cells treated with solvent, a.-naphthyl tropolone (NAP, 10
UM) or vorinostat (VOR, 2.5 puM) for 24 hours. (C) quantified p53 expression level from 3
replicates. (D) Western blot of p53 from Molt-4 cells pretreated with FMK. (E) Quantified

data from 3 replicates. Statistics were determined by ANOVA with Tukey’s post-hoc

analysis and with p < 0.05. *indicates significant difference compared to condition with
control. #indicates significant difference compared to each other.

Pharmacol Res. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

150+

100+

50+

CellToxGreen

primary B-ALL

Bl 24h
48h
Hl 72h

DMSO NAP BEN
10 uM

B

150+

1004

CellToxGreen
o
&
1

primary AML

m 24h

DMSO NAP BEN
10 uM

C

Page 24

primary AML
e - NAP
- BEN
100-
g 90-
80-
?0 L) L L] L] L L]
0.1 1.0 10
[uM]

Figure 10. Viability of primary leukemia cells is reduced by a-substituted tropolones in a dose
and time dependent manner

Peripheral blood mononuclear cells from leukemia patients were treated with a-substituted
tropolones for indicated times. A) CellToxGreen assay of B-ALL cells treated with 10 pM of
tropolone for 24, 48, or 72 hours. B) CellToxGreen assay of AML cells treated with 10 uM
of tropolone for 24 hours. C) MTT assay of primary AML cells treated with various
concentrations of tropolone for 48 hours.
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ICsgq in different cell lines (n=3)

Cell line Time (h) 1C50 [uM]
a-naphthyl tropolone  vorinostat

Molt-4 72 0.35 0.33
Daudi 72 0.92 0.32
K562 72 3.25 0.71
HuT78 72 1.36 0.16
Ba/F3 WT 72 2.75 0.32
HL60 72 1.97 0.74
Molt-4 12 >25 ND
Molt-4 24 0.99 ND
Molt-4 48 1.05 ND
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Table 2

Selectivity of a-naphthyl tropolone and vorinostat for malignant cells versus primary cells (n=6).

ICsp [um] Selectivity”
hPBMC  Molt-4

a-naphthyl tropolone  4.89 0.35 13.8
vorinostat 0.86 0.33 2.6
Fold difference 5.66 1.08

*
Selectivity is the fold difference of IC5( values (nPBMC/Molt-4).
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Gene set enrichment analysis of microarray data from untreated Molt-4 cells versus cells treated for 24 hours
with 1 UM a-naphthyl tropolone. GO- Gene Ontology, KEGG-Kyoto Encyclopedia of Genes and Genomes.

GO-decreased by tropolone
Protein expression
TRANSLATION

GO-increased by tropolone

DNA/cell cycle

DNA INTEGRITY CHECKPOINT

G1 S TRANSITION OF MITOTIC CELL CYCLE
DNA DAMAGE RESPONSE SIGNAL TRANSDUCTION
MITOTIC CELL CYCLE CHECKPOINT

Immune function

MYELOID CELL DIFFERENTIATION

T CELL ACTIVATION

REGULATION OF LYMPHOCYTE ACTIVATION
Metabolism

PEPTIDYL AMINO ACID MODIFICATION
GLYCOPROTEIN BIOSYNTHETIC PROCESS
CARBOHYDRATE BIOSYNTHETIC PROCESS

Signaling

TRANSMEMBRANE RECEPTOR PROTEIN TYROSINE KINASE SIGNALING

PATHWAY

KEGG-decreased by tropolone

Protein expression

PROTEASOME

RIBOSOME

Metabolism

PORPHYRIN AND CHLOROPHYLL METABOLISM
FRUCTOSE AND MANNOSE METABOLISM
Signaling

CYTOKINE/CYTOKINE RECEPTOR INTERACTION

KEGG-increased by tropolone

DNA/cell cycle

P53 SIGNALING PATHWAY

Immune function

LEUKOCYTE TRANSENDOTHELIAL MIGRATION
T CELL RECEPTOR SIGNALING PATHWAY
Structural

ADHERENS JUNCTION

GAP JUNCTION

REGULATION OF ACTIN CYTOSKELETON
FOCAL ADHESION
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Table 4

Leading edge analysis of microarray data from untreated Molt-4 cells versus cells treated for 24 hours with 1
UM a-naphthyl tropolone. Data show proteins likely to influence the effects of tropolone treatment on down
regulation of affected KEGG pathways.

Structural

ACTB (7), ACTG1 (7), ACTNL1 (5), ITGBL1 (7), ITGAV (4), ITGA4 (4), CTNNBL (8), CTNNAL (4), VCL (4), MYL12A (3), WASL (3), WAS
(3), NCK2 (3)

Small GTPase signaling

NRAS (11), RHOA (5), Rockl (5), VAV3 (4), RAC1 (3), KRAS (3), GNAI3 (5), PAK2 (4)
Phospholipid signaling

PIK3R3 (12), PIK3R1 (12), PIK3CB (12), PIK3CG (12), PTEN (7), PLCGL1 (5), PDPK1 (4)
Non-receptor kinases

PRKACB (3), PRKCB (3), ADCY3 (3), MAPK14 (3)

DNA/Cell cycle

TP53 (9), RB1 (6), CDK6 (6), BCL2 (4), CCNE2 (3)

Transcription

LEF1 (5), E2F2 (5), CHUK (4)
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